Chromosome translocation is an important driving force in shaping genomes during evolution. Detailed knowledge of chromosome translocations in a given species and its close relatives should increase the efficiency and precision of chromosome engineering in crop improvement. To identify genes flanking the breakpoints of translocations and inversions as a step toward identifying breakpoints in bread wheat, we systematically analysed genes in the Brachypodium genome against wheat survey sequences and bin-mapped ESTs (Expressed Sequence Tags) derived from the hexaploid wheat genotype 'Chinese Spring'. In addition to those well-known translocations between group 4, 5 and 7 chromosomes, this analysis identified genes flanking the 3 pericentric inversions on chromosomes 2B, 4B and 5A. However, numerous chromosomal rearrangements reported in early studies could not be confirmed.
Despite of numerous deduced rearrangements being identified, identification of the breakpoints for these translations and inversions has been so far unsuccessful. Recent development in wheat genome sequencing(International Wheat Genome Sequencing Consortium 2014) offers an excellent opportunity to develop methods that enable rapid and reliable detection of these translocations and inversions. This can be achieved by firstly identifying genomic sequences covering each of these breakpoints and then developing PCR primers that allow the amplification of these sequences. Once such PCR primers become available, cloning and sequencing a PCR product will be all required to detect the presence or absence of any of these translocations and inversions in a given genotype. Thus large numbers of genotypes representing different types of wheats and their close relatives can be assessed, making it possible to evaluate the effects of these translocations in wheat evolution.
Aiming at finding genes flanking the breakpoints of translocations and inversions as a step toward identifying breakpoints in bread wheat, we systematically analysed the structures of the reported translocations and inversions by comparing Brachypodium genes against survey sequences of D r a f t 5 sorted wheat chromosome arms and validating locations of selected genes using bin-mapped ESTs.
Materials and methods
It is well known that genome segments are highly conserved between wheat
and Brachypodium although small disruptions of colinearity are not uncommon 
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Results
Chromosomal locations of genes on the modern 2B
Brachypodium orthologs on chromosome 2BS could be placed into two sets.
Genes in Set 1 had homoeologous sequences on 2BS, 2AS and 2DS, respectively. The pattern of these chromosome arm locations shows that they are from the original 2BS and were not involved in any interchromosomal translocations. Genes in this set were orthologous to genes on Brachypodium chromosome 5 with Bradi5g00570 as the most likely gene bordering the breakpoint (Table 1 and S1; Fig.1A ).
Genes in Set 2 detected homoeologous sequences on 2BS, 2AL and 2DL, respectively. The pattern of these chromosome arm locations shows that these genes were derived from the original 2BL. Genes in this set were orthologous to genes on Brachypodium chromosomes 1 with Bradi1g55930 bordering the breakpoint (Table 1 and S1; Fig.1A ).
Genes on chromosome 2BL detected homoeologous sequences on 2BL, 2AL, and 2DL, respectively. The pattern of these chromosome arm locations shows that they were not involved in any interchromosomal translocations. Genes on this arm were orthologous to genes on two Brachypodium chromosomes, 1 and 5, with Bradi1g55960 bordering the breakpoint (Table 1 and S1; Fig.1A ).
Chromosomal locations of genes on the modern 4B
Brachypodium orthologs on chromosome 4BL were placed into two sets. Chromosomal locations of genes on the modern 5A
Brachypodium orthologs on the modern chromosome arm 5AS could be placed into two sets based on chromosomal locations of wheat sequences they detect. Genes in Set 1 detected sequences on 5AS, 5BS and 5DS,
respectively. This pattern of the chromosome arm locations shows that they were derived from the original 5AS and were not involved in any interchromosomal translocations. Genes in this set have orthologs on
Brachypodium chromosomes 4 with Bradi4g06510 as the most likely gene bordering the breakpoint (Table 1 and S3; Fig.1C ).
Genes in Set 2 detected homoeologous sequences on 5AS, 5BL, 5BS and 5DL, respectively. The pattern of these chromosome arm locations shows that these genes were derived from the original 5AL. These genes detected sequences on both 5BL and 5BS, indicating that they are duplicated on 5BS.
Genes in this set were orthologous to genes on Brachypodium chromosomes 4 with Bradi4g41560 bordering the breakpoint (Table 1 and 
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For example, we detected that Bradi3g09210 has homoeologous sequences on chromosome 6AS, 6BL and 6DL and Bradi3g08450 on 6AS, 6DS and 4AL; but the flanking genes did not show the same patterns of chromosome location as these two genes, indicating that they are probably not involved into any chromosome rearrangements (Table S6 and S7). Another example is the possible 3BL/6AS translocation detected by a genomic probe (PSR904) ). However, our analysis of the Brachypodium genes failed to detect such patterns of chromosome location as either '3AL, 6AS and 3DL'
or '3BL, 6BS and 6DS'. These examples indicated that chromosome rearrangements usually happened with transferring of a segment involved in a set of genes other than a single gene. This is the reason that our analyses in this study only focused on those chromosomal rearrangements evidenced by two or more genes with the same pattern of chromosome arm locations.
Linkiewicz et al proposed that there might be a reciprocal inversion between 5AS and 5AL. The reason is that they had detected one EST (BE403618) being mapped on 5AL and 5BS, although not in the same proximal bin (C-5AL12 and 5BS4); and they suggested that the breakpoint on the 5AL was more distal than that on 5AS ). BE403618 matched Brachypodium gene Bradi4g39600. However, Brachypodium orthologs on either side of this gene failed to detect a clear pattern of chromosome arm location, i.e. 5AL, 5BS and 5DS (Table S8) . Thus the question whether there is a reciprocal inversion between 5AS and 5AL remains unanswered.
Previous analysis of bin-mapped ESTs identified quite a few anomalies in group 1 chromosomes. Of them, one was most probably involved in either a pericentric inversion between long arm and short arm or gene duplication; and it was that four ESTs from the telomeric bin of 1DL2-0.41-1.00 on chromosome 1DL detected homoeologous sequences on 1BL and 1AS (Peng et al. 2004 ).
D r a f t 12 However, in our present study, all of these four ESTs together with the genes on either side of their matched Brachypodium orthologs failed to detect any homoeologous sequence on 1AS but 1AL, 1BL and 1DL (Table S9 ), indicating that they are most likely involved in gene duplication not inversion. In group 3 chromosomes, two anomalies were also supposed to be caused by either chromosome rearrangement or duplication. Two ESTs, BE424097 and BE442882, were mapped on 3BS and 3DL (Munkvold et al. 2004 ). In the current study, BE424097 detected homoeologous sequences on 3AS, 3B and 3DS; and none of the genes on either side of its matched Brachypodium ortholog (Bradi3g19960) could detect sequence on 3DL (Table S10 ). The other one EST (BE442882) and a few of in-continuous Brachypodium orthologs detected sequences on (3AL), 3B and 3DL (Table S10 ). Given the unclear matching chromosome pattern, we suggested that these genes are more possibly involved in gene duplication other than chromosome rearrangement.
Two additional ESTs, BE405291 and BF202610, were mapped on 3BL and 3DS (Munkvold et al. 2004) . In this study, BE405291 detected sequences on 3B, 3DL and the other 19 chromosome arms. BF202610 detected sequence on 3AL, 3AS, 3DS, 3DL, 3B and other three chromosome arms (Table S10) .
Although the Brachypodium orthologs to neither of these two EST can be detected, the multiple locations of them undoubtedly confirm that they belong to duplications other than chromosome rearrangement. (Table 1 and S1; Fig.1A ).
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